Abstract: In order to improve the travel time of surface public transport vehicles (bus, tramway, etc.)
Introduction
The mobility of the inhabitants in agglomerations is in continuous growth. Unfortunately, despite everything else, the harmful effects on the environment (pollution, noises, occupation of space, etc.), is due to the private cars which allure more the road users and the growth is due more to their travelling. Several measurements can be done in order to improve the quality of the public transport and favour its use in order to improve the comfort in the vehicles and in the stations, to improve the safety and security, etc. But a master reason for the users is the time they spent on their journey. However, the travel time of the surface public transport, like buses, trams and more generally, high occupancy vehicles depends on the congestions and the traffic lights.
Many measurements can be used in order to improve the travel time of the surface public transport. We can quote: exclusive rights of the way reserved for public transport, prohibition to a station on the roadway system, urban toll aiming at reducing the road traffic, static or dynamic guidance using the panels with variable messages to direct the private cars to roads less attended by trunk public transport and priority of the public transport vehicles at signal-controlled intersections.
Giving priority to the public transport vehicles in traffic lights makes improvements to their travel times. According to STIF (2001) , facilitating the passage of buses on traffic lights could act on 40% on average on its total time of course.
17% of it is concerned with the stops at traffic lights, 15% are due to the decelerations/accelerations and the rest would be gained on the layover time which will be reduced by a better regularity. However, as it will be further described, the majority of the existent urban traffic strategies giving priority to buses do it in a local way in one or a small number of intersections. Although at peak hours, when the roads are very loaded, giving priority to buses on the basis of the local traffic conditions can send them quicker to the congested places and make worse the global traffic situation even for the buses themselves. That is why our objective in this work is to build a global strategy for a large scale network. Its aim is to act on the intersection traffic lights in order to give priority to the public transport vehicles and to regulate the traffic on the whole network. To achieve this objective we chose to develop a bi-modal optimal control strategy on the basis of the Linear Quadratic (LQ) optimization theory, which has the advantage to be appropriate for use in a closed loop. The LQ theory has already been applied for the regulation of urban intersections in TUC strategy (D i a k a k i et al. [6] ). However, as it will be explained in Subsection 2.2.1, TUC gives an active priority to the public transport vehicles in the local area of the intersection.
In this paper, the following section will address the state of the art of the public transport priority systems. We underline the insufficiency of these systems for traffic regulation on the global level of a whole network. In the third section, we mention the various systems of global management for both modes (PC and PT) and give some elements, explaining the non-existence of the global regulation systems for both transport modes. In the fifth section we describe the used model of command. The sixth section deals with the definition of the optimal command problems, starting with the optimization criteria. The latter enables to regulate the traffic on the whole network and has an additional term, enabling to favour the arcs which support the public transport vehicles at instants of their presence on these arcs.
We show that the use of a strategy which combines different optimization criteria, one for the arcs where buses are present and another − for the arcs where there are only private cars, can solve this problem. The results of these various strategies applied in a simulation on a network with eight intersections, thirty two arcs and two lines of public transport, are given in the eighth section. The conclusion is given in the ninth section.
Different types of public transport priority at traffic light intersections
The bus priority at traffic lights can be operated in a passive or in an active way. The passive way is an off-line regulation in order to favour the buses. The active way needs real-time detection of buses and real-time modification of the traffic lights in order to take into account the buses information.
We can find several real-time urban traffic control systems in literature which have been developed to regulate the global traffic. They have been enlarged after that to include the public transport priority.
Real-time urban traffic control systems belong mainly to one of the two families (see Fig. 1 ). The first system family is adaptive time plan based. It uses a fixed traffic light cycle on a given period. These systems gradually adapt the signal colour duration to the variations in real time of the traffic conditions (for example: SCOOT (H u n t et al. [11] ), SCATS (C h e n et al. [5] ) and TUC (D i a k a k i et al. [6] ). The second system family consists of adaptive commands, continually optimizing the traffic light plan on a sliding horizon (example: CRONOS (B o i l l o t et al. [4] ), PRODYN (H e n r y and F a r g e s, [10] ) and UTOPIA (M a u r o and T r a n t o [14] )). In these systems the cycle duration is not constrained and varies from one cycle to the next. UTOPIA, PRODYN and SPPORT proceed by defining initially the different stages of the intersection and fixing the minimum and maximum green durations. On the other hand, CRONOS finds the green and red durations according to the traffic conditions only and the safety constraints. There are no repetitive stages as in further systems. This initial theoretic conception influences the way these systems take into account the buses priority at traffic lights. Generally, in the first category, the priority to the buses is given on the basis of pre-established rules. The strategies of the second category give priority to the buses further to optimization of some criteria.
Passive priority
The passive priority consists in generating the plans of the traffic lights so that they favour the roads supporting the public transport, without detecting these vehicles individually. Some measures can be applied to satisfy this objective, for example:
• To adjust the traffic lights coordination to the public transport speed instead of the private cars speed.
• To reduce the duration of the traffic light cycles, in order to reduce the waiting times of the public transport when they arrive at traffic lights. This measure cannot be applied in case of large density traffic since it reduces the intersection capacity.
• To split the green phase attributed to the road supporting the bus, when the traffic light cycle cannot be very short. However, this method also reduces the capacity of the intersection traffic flow.
• To design the traffic light diagrams, taking into account the number of passengers rather than the number of vehicles. However, it requires knowledge about the load in terms of passengers number in each transport mode. It is this latter method which is used to give priority to public transport vehicles in one of the most well known static urban traffic control system as TRANSYT system (V i n c e n t et al. [19] ).
Active priority
The second method, called dynamic priority, consists in modification of the intersection signals to authorize the passage of the public transport vehicle which has been detected. This type of priority is performed on real-time urban traffic control systems. Real-time urban traffic control systems belong principally to two families (Fig. 1) . The first one uses a fixed traffic light cycle on a given period. They gradually adapt the traffic light plan to the variations in real time of the traffic conditions (for example, SCOOT, SCATS and TUC). The second family of systems consists in adaptive commands, continually optimizing the traffic light plan on a sliding horizon (for example, CRONOS, PRODYN and UTOPIA). It influences their way in taking into account the priority at traffic lights. In the first category, the priority is given to the Public Transport Vehicle Crossing (PTVC) on the basis of the pre-established rules. The strategies of the second category give priority to the public transport vehicle further to optimization of some criteria.
Rule-based priority
These methods consist in a short term modification of the traffic light operation to favour the bus approaching the intersection. It is the most widely used method by the control strategies that gives priority to the buses. Together with the known control strategies of international level, such as SCOOT, SCATS, SPPORT, TRAFCOD, TUC, several less known systems which were developed by cities or by transport organization authorities, use also the rule-based priority.
Determined priorities based on the global optimization at the intersection
It is based on the optimization theory to find the optimal durations of lights enabling the buses priority; and requires traffic models and a criterion to be optimized. The advantage of these strategies is that they are not constrained by a traffic light fixed cycle. Among the existing systems, CRONOS, PRODYN, RHODES/BUSBAND can be mentioned.
Limits of TPS regulation systems
The intersection control systems which enable giving priority to the public transport on the basis of rules cannot manage more than one bus per a traffic light cycle. As we have seen, these systems proceed, attributing additional duration of the green light at the approach of the bus and restore the order of the phases later on. This procedure cannot be repeated several times during a cycle since the green light durations are limited by maximum values imposed for safety reasons. Thus it limits the use of this type of strategy at the intersections which are not often used by the public transport vehicles. The systems which manage the priority through optimization algorithms can take several criteria into account before attributing the priority; for example they can attribute the priority to the public transport vehicle which deserves it most and not to the one which asks it first, etc. However, these systems are limited by the computational time. Some of them, since they are based on a microscopic modelling of the intersection and others − because they need large data information from the urban network. The computational time very often increases in a sequential way with the number of studied intersections.
From our viewpoint, a public transport priority strategy which is placed on the individual level of buses cannot have a global view of the traffic on a whole region. And as above noted, it can imply twisted effects, since it can feed the road network sections or congested intersections, resulting in deterioration of the traffic general conditions, including bus traffic conditions. Thus, it is necessary to develop regulation strategies which take into account the intermodal global situations of the traffic on a whole region (a whole route of the public transport for example).
A global multimodal strategy for public transport and private cars has been developed (S c e m a m a and T e n d j a o u i [18] ). However, this strategy is an expert system trying to copy the operators' behaviour to give recommendation to the operators and does not give the optimal solution itself. Furthermore, it acts in a long period of time (15 minutes) and not in the cycle as the strategies that we propose. B h o u r i et al. [3, 2] explored an approach using multi-agent modeling to process the traffic control strategy. The proposed strategy, ASUR, adapts the individual behaviours of buses given by buses agents to the collective behaviour of vehicles given by aggregate data and vice-versa. The method is promising but has to be tested on big networks to ensure a reasonable computing time.
The method bimodal control strategy proposed in this paper is a Linear Quadratic optimization method which is well adapted to real time control.
A network of the urban roads is composed of intersections linked by sections. In order to explain our objective in this work and the model used, we start by giving variables which characterize the traffic light intersections, before developing the intermodal model of command.
Dynamic model
In this work we assume that the duration of the traffic light cycle, the phasing diagram and the gaps are fixed on the considered time horizon. The strategy acts on the duration of the green lights within the cycle in order to improve the traffic conditions. In order to obtain the dynamic equations for the mathematical model, we will consider the now well established Store and Forward model due to G a z i s and P o t t s [8] . The choice of this model is based on the simplifications it imposes on the equations that will allow us to write them as linear equations on the number of vehicles and the green time of the junctions.
The network is represented by a directed graph composed of nodes and arcs.
The nodes j J represent intersections and the arcs a A − the unidirectional travel links.
On every arc the model consists of two equations, one of them modelling the progress of the total number of vehicles on the arc, expressed as a Private Vehicle Unit (PVU) (for example, the bus equals 2.3 PVU). The second equation models the number of public transport vehicles on the arc.
The general traffic dynamic equations
As said in the introduction, this strategy adopts the same bases as TUC inter-section regulation strategy and both are based on the Store and Forward model. The traffic on each arc a is modelled using the vehicle-conservation equation (D i a k a k i et al. [6] ).
(1)
where x a is the number of cars on the link expressed in PVU, and are the inflow and the outflow of the link during , 1 where is the discrete time step and is the sampling time. Fig. 2 clarifies the relations between the variables. Herein we have neglected the traffic generated and consumed in each link, it would be easy to include them without substantially changing the current development. In order to clarify the equations for q and u we will consider the saturation flow of each link S a , that represents the maximum traffic flow that can exit the link, expressed in PVU/s. The Store and Forward model assumes that the vehicles reaching the arc's end are stored there and exit with rate S a during the green light. Hence, we can write
, where C is the cycle time and G a (k) is the efficient green time of link a, i.e., the green light duration attributed to arc a during the traffic light cycle C of the intersection situated at the arc exit, and it will be the control variable in our approach. If the green light periods are attributed to arc a during different phases, is equal to the sum of all these green light durations (3) ∑ , , where G N,i (k) is the green light duration for phase i on the junction , the summation is made over all the phases such that arc has the right of way (green light), this set is called . It also assumes that the outflow is distributed among the different following links according to the coefficients τ ab , called turning rates that represent the proportion of the outflow from a entering arc b.
If the link originates at junction , the inflow traffic rate entering arc a can be written as the sum of the outflow traffic rates coming from the arcs entering junction (other than ). If the arc precedes arc , the corresponding flow is τ ba u b , so that the total flow entering arc is
where I M is the set of arcs entering junction M, and we have defined τ aa = 0.
Replacing all the previous definitions in Equation (1), we obtain the following model:
or in a matrix form (6) 1 , where is a matrix of dimension , is the number of links and is the total number of phases on the network. This modelling is possible under the following assumptions:
• the sampling time interval is at least equal to the duration of the light cycle , we will use ; • the gaps between the intersections are not taken into account;
• variations in the queue are neglected, which means that the model considers that all of the input flows on the arc have the green phase at the same time.
The public transport traffic dynamic equations
Since we will be considering two kinds of traffic, the general one and the public transport one, we will distinguish the state variables as x v for the number of vehicles and x b for the number of public transport vehicles (buses). Knowing the sequence of arcs which are used by each public transport line, the progress of the public transport vehicles is modelled by a delay equation:
where x a b i is the number of vehicles of the public transport line number i on arc a, a′ is the arc preceding a for the line i and ζ a i is a parameter which expresses the mean travel time of the vehicles on line b i to travel from arc a′ to arc a. These values should be real ones, however, in order to be able to write the precedent equation, we take ζ a i as integer, meaning that the travel time is a multiple of the sampling interval T. Thus we consider that ζ a i is equal to 1 if the bus line has no station on arc a, otherwise ζ a i is equal to 2 (for example). Substituting these values in equation (7), the model of the public transport becomes the following:
This simplification complies with the dynamical modelling of the PC, since it consists in assuming that both the PC and public transport are "stored" during the red light period and then are "distributed" during the green light period, thus they spend a light cycle on the arc. However, the choice of the cycle duration should be done carefully.
The last equation, written in a vector form, gives 
The public transport PC model
Here we do not talk of a coupled model, because, as it is easy to see, both dynamics are not coupled, in fact they will be coupled, but for the objective function in the optimal control problem to be presented in the next section.
The state variable of the whole system consists of a vector of dimension N + 2N b , where N is the number of arcs in the system, N b is the number of arcs crossed by the public transport lines. The dynamics of the system thus is represented by the following equation (12) )
where A is a matrix of dimension (N + 2N b )× (N + 2N b ) . Matrix B is composed of two stacked blocks − the upper one is defined by the topology of the road network, i.e., when the coefficient B a j is different from 0 means that phase j is found entering or leaving arc a and its value is defined according to (5) . The lower block corresponds to the influence of the green lights on the bus, which, as it is neglected, has to be 0. We have then
With these matrices, it is clear that it will not be possible to command the public transport because of the null block of matrix B. However, it does not set any problem because in the definition of the model we suppose that the travel times of the public transport are fixed. What we want is to act in such way that the buses can comply with their schedules.
Optimal control problem
Here we pose the optimal control problem. The control part of the problem means that we will be able to choose the green light times in order to modify the flows. The optimality will be measured in terms of the number of private cars that share the roads with the buses. We will explain here these definitions. When doing so, we keep in mind that we want to obtain a simply computable global green time. As we have linear dynamics, choosing a quadratic objective function and imposing no restrictions will make the optimal control problem over an infinite horizon belonging to the LQ class. The importance of this relies on the fact that the optimal solution can be written as a linear (constant in time) feedback law and the matrix that defines this law is the solution of a matrix equation (Ricatti equation) stated in terms of the given data.
Optimization criteria
From the viewpoint of the traffic regulation, our objective is to improve the traffic conditions of PT on the network, relative to the PC flow, without deteriorating the global traffic conditions. The objective function needs to be quadratic in terms of the state and control variables to rest in the LQ case, the general form of these functions is: In our (discrete time) case we propose the following objective function: (15) [ ]
where α , β and γ are non-negative weighting parameters and X are given by the dynamic equations (5) and (8) .
Even if the introduction of the objective function was made for computational simplicity, we can give an interpretation to each term. The first term of the criteria, (X (k), X b (k)) puts forward the traffic conditions on the arcs crossed by the PT at the time these PT vehicles are present on it. The second member aims at reducing the number of vehicles on every arc in the network and thus to equalize the congestion on every arc. The role of this second term is mainly to not degrade too much the traffic in the other arcs. The last term is used in order to avoid large variations of the control (green light times).
The optimization criteria (15) have three different terms weighted by parameters α, β and γ. The choice of the values of these parameters enables the modification of the objective of the regulation. For example, for α = 0, β = γ = 1, the strategy is equivalent to TUC, which does not take into account the presence of the PT. On the other hand, a significant parameter α (α >> β) will strongly penalize the arcs which do not support the PT.
Control law
The problem of optimal control consists in minimizing the criteria given by (15) respecting the dynamics of the system given by (12) . In order to avoid working with the input and exit flows we define a nominal green time G N that solves BG N = 0. In such case the corresponding nominal state is constant and we can work with the following dynamic equation (16) 1 ∆ , where ∆ , and now represents the deviation from the nominal state. Writing the objective (or performance) function as: (17) ∑ T T , following the LQ optimization method, the applied command law is given by the following equation (18) , where F is the Feedback matrix defined as The use of this equation rather than of equation (18) avoids the estimation of the nominal values of the control. It should be noted that the choice of an infinite time horizon in (15) implies that the feedback matrix F is time independent. This choice is justified by the will for a real time command of the intersection lights and thus by the simplification of the calculations for each command. However, it has the drawback to consider the time average of the criteria, reducing the significance of our main objective which is to reduce the number of vehicles on the arcs at the instants when the PT vehicles are on these arcs. This led to the idea to test various strategies, whether a single Riccati matrix, or at most a finite matrix combination is used, each of them being calculated for a different system state. We explain this idea in the following sections.
Strategy with PT priority (PPT)
As it was above said, the choice of the parameters α, β and γ enables to model various control objectives. The first strategy tested consists in slightly favouring the PT with the choices α = β = 1 in (15).
Strategy with strong PT priority (PFPT)
In this second strategy, big significance is given to the first term of the criteria consisting in favouring the arcs that support the buses at the instants when they are on it.
In this case we choose α >> β (B h o u r i and L o t i t o [1]).
Combined strategy This strategy is based on the ability of detecting the presence of buses on the arcs which can be accomplished using appropriate sensors. We use two different criteria (different Riccati equations) according to the presence or the absence of the PT vehicle on the arc. This is a good compromise between a single Riccati matrix (the same for all k) and an infinite or very large sequence of Riccati matrices (one for every k). The idea is to give the control law in a practical and implementable way. The intersection controllers have two Riccati matrices calculated in the following way: the first one does not take the PT into account (TUC for example); on the contrary, the second one strongly takes them into account (α very large). The matrix which corresponds to the situation of the PT is used on each of the intersections on the network.
More precisely, let us consider F 1 -the feedback matrix obtained with TUC (or another independent criteria of the PT position). Given F 2 , the feedback matrix is obtained with a criterion which takes into account the position of PT (α >> β). The optimal command is given by:
where P k is a diagonal matrix, every element of which is equal to 1, if at the moment k there is a PT vehicle waiting on the corresponding arc, and λ is a coefficient to be determined in order to further improve congestion (see the Numerical experiments section for more details).
This strategy appears to be cleverer since it enables to reduce the congestion on the arcs where there are PT vehicles at the instants when they are on it, without increasing it on the arcs where there is none. The simulation results seem to support this affirmation and will be detailed in the forthcoming section about numerical results.
The constraints
The LQ methodology used to obtain the solution of the optimal control problem does not allow taking into account the constraints, and for the Riccati equation will no longer be valid when the optimal control problem is constrained. However, for operative needs, at every intersection j, the durations of green lights should comply with a certain number of constraints:
• the cycle duration (C),
• the phase diagram: all phases P j must have their green light within the cycle,
• the clearance times between the phases R j , which implies:
Also, the duration of every green light is limited by a maximum and minimum time. Indeed, a too long red light duration can be interpreted by the users as a malfunction of the intersection lights and imply their non-compliance :
, , min , , , max.
In order to obtain green times according to the previous constraints, the same method that appeared in (D i a k a k i et al. [6] ) is applied, i.e., the obtained control values are projected onto the set of feasible values defined by the constraints. It means to obtain the closest (for some distance) values to the optimal, but not the feasible ones. The projection step means to solve the following quadratic optimization problem that includes the constraints (21) and (22) 
This problem belongs to the class of Quadratic Knapsacks problems and the numerical solution was done according to the algorithm presented in L o t i t o [13] (see P a t r i k s s o n [17] for a survey of available algorithms).
After all the simplifications made in order to apply standard tools, solving directly the full, optimal control, the problem could appear to be easier. The full problem would be
where T is the considered time horizon and the free variables are non-constant feedback matrices F(k). When solving it for real examples where the time horizon is large, the number of variables is also large and so the infinite horizon control problem could be more adequate, because (assuming a nominal state), a constant feedback matrix is obtained, giving along the facility of practical implementation of a constant feedback.
Numerical experiments
In this section we expose numerical tests that we have made with a small academic example network. The numerical tests have been made using a micro-simulator designed adhoc and based on car following models (see G a b a r d [7] and H e l b i n g et al. [9] ). The idea is to use different models for control derivation and for control testing.
Microsimulator
The availability of mathematical models describing the dynamics of vehicles is fundamental in order to apply the control theory. The model presented before, stated in terms of continuous vehicle flows, is considered as a macroscopic model in contraposition to the microscopic models that consider the position of each vehicle.
In order to make computational tests of the designed strategies we have considered as an important step to use a model of different nature from the one used to design the strategy. Microscopic simulators are based mostly in Cellular Automata (N a g e l [15] , L o t i t o et al. [12] ) or on the Car-following model (P a p a g e o r g i o u [16] ). The last one was chosen to develop our simulator. Hence, we consider a discrete event system, such that at each time step there are vehicles entering at fixed rates and interacting among each other following certain rules. These rules model the movement on straight lines and the lane change.
The positions of vehicles evolve according to the equations (24) , where n is the precedent vehicle, L is the vehicle length and S is a separation coefficient. In this formula, the vehicle n + 1 stays separated from the precedent by a fixed distance (L) plus a distance proportional to its speed.
After differentiating Equation (24) it results in Fig. 3a. diagram (b) quation (24). dy, asked by Indeed, the ffic provided
Example network
The chosen example network has 8 intersections, 28 links and two bus lines (yellow and blue) as shown in Fig. 4 .
Each intersection has the general form given in Fig. 5 and three phases. In the nominal state, each one is given 50%, 10% and 30% of the green time respectively, as it is shown in Fig. 5 . In this figure the turning rates for each movement are also shown.
The saturation flow is 0.5 veh/s everywhere and the entering flows are given in the Table 1 . Table 1 Arc 1 Many parameters should be set in order to compute the feedback matrices for each strategy. The first description was given in Subsection 4.2 where the distinction was made between the PC model and the PC-PT model. Here the computed strategies are described more explicitly. The proposed strategies and its parameters are: TUC The strategy proposed in D i a k a k i et al. [6] , which is based on the PC model, where the matrix Q in 17 is the identity matrix, i.e., all the arcs are given the same weight.
Pr-L1 The same strategy as before, except for the weights of the arcs traversed by line 1, which are increased by 400%.
Comb Combination of TUC and Pr-L1, when the presence of a bus is detected in a junction, the green times used are those given by Pr-L1, otherwise the green times are given by TUC.
PrArc5 In this case, only the weight of arc 5 is increased. NetPrior The strategy computed using the PC-PT model described in Subsection 4.2 only considering line 1.
NetPrior2 Same as before but considering both line 1 and line 2. In order to see the impact of the arc weights in the computed feedback matrices; for the phase 1 of the intersection 2, which allows the movements 8 → 4, 8 → 2 and 5 → 9, the corresponding rows of the feedback matrices (in absolute values) are shown in Fig. 6 . The interest of this plot is that in some sense, it shows the impact of dotted line lights of the flows on the network arcs. As it can be observed, this importance is bigger for the second feedback matrix. It is so because it was computed, giving more importance to this arc.
The strategy Comb is a combination of TUC with Pr-L1, as said in Subsection 4.2 there is a parameter to be determined in order to reduce the congestion. The reason is that an improvement for buses may penalize too much the arcs not traversed by the bus line. Hence, there is a trade-off among reducing the congestion on bus traversed arcs and augmenting the congestion on the remaining arcs. This should be analyzed for each particular case. For this example different values of the coefficient λ that appear in formula 20 were analyzed. In Fig. 6b , the values of the congestion over bus-traversed (dotted line) and bus-non-traversed arcs (down line) for different values of λ are shown. The correct choice of λ depends on the practitioner decision about the priority according to the public transport. 
Numerical results
In order to see the control in action two perturbed cases were considered:
• In the first case, the entering rates on arcs 1 and 20 are increased 30% during 10 minutes each hour.
• In the second case the perturbation stayed for 30 minutes each hour. The congestion experimented by the buses for each strategy on a given arc a can be measured as ∑
. The results obtained with the simulations are presented in Table 1 . It corresponds to an average of 100 runs of the simulator. The total congestion for each strategy is shown in the column "Total", in columns "Line 1" and "Line 2" the measured simulated congestion corresponding to the arcs belonging to those lines is given. In column "Arc 5" the congestion is computed only on that arc. In columns "L1 Bus" and "L2 Bus" the congestion is only computed when the buses are present. Finally, in the last column the mean travel time of the buses is shown. These results are compared together in Fig. 7 , showing on the x-axis the strategies and the mean time, and on the y-axis the obtained congestion for the strategies and the values of the mean-time.
With respect to the bus travel time, the best strategy seems to be NetPrior2, because it reduces the bus travel time without increasing the total congestion. On the contrary, the strategy NetPrior reduces the travel time of Line 1 buses increasing the total congestion, but this one penalizes too much the arcs not traversed by the bus line.
Conclusions
In this paper traffic regulation strategies for urban networks have been presented. They were tested in simulation and compared to TUC strategy which does not include the PT in the command. The paper shows that the best way to favour the PT without deteriorating the general traffic conditions is to use a combined command: the green light duration of the intersections is calculated without taking into account the position of the PT for the arcs used by the PT. On the contrary, in the optimization criteria, a strong weight is given to the arcs which support the PT at instants when they are on these arcs. This strategy based on the LQ theory is realistic from the viewpoint of its implementation and the numerical results show its efficiency. More advanced tests and analysis of the networks with traffic real data will be necessary to validate it completely. 
